Introduction
Magnetostriction is a property of ferromagnetic materials that results in changes in their shape or dimensions during the process of magnetization [1] . The magnetostriction arises due to anisotropic interaction between magnetic atoms and crystalline electric field. Investigation of magnetostriction plays important role in the research of new magnetic materials and mechanisms of their magnetization.
The magnetostriction is observed in a large number of magnetic materials and is characterized by a relative elongation of the sample λ = ∆l/l, where l is the length of the sample. The most common magnetostrictive materials are Ni, Fe, Co, NiFe, FePt, FeCo, and other alloys. The magnetostriction coefficient for these materials is in the range λ ∼ (10 − 100) × 10 −6 . Extremely high magnetostriction up λ ∼ 10 −3 was observed in rare-earth metals and their alloys, such as Tb, Dy, TbFe 2 , DyFe 2 , Tb 3 Fe 5 O 12 , and the others [2] . At present the magnetostriction is used in various devices such as acoustic emitters and receivers, filters, frequency stabilizers, delay lines, microactuators etc. [3] .
The magnetostriction gives rise to magnetoelectric (ME) effect in composite structures containing ferromagnetic and piezoelectric layers [4] . The ME effect in such structures is due to combination of magnetostriction of the ferromagnetic layer and piezoelectric effect in the piezoelectric layer and results in generation of electrical voltage across the sample in external magnetic field. It was shown, both theoretically and experimentally, that efficiency of ME interaction is determined by the magnetostriction coefficient, saturation magnetic field of the ferromagnetic layer, and is proportional to the piezomagnetic coefficient q (1) = dλ/dH. The ME effect is used to design ultrasensitive dc and ac magnetic field sensors, energy harvesting devices, new types of magnetic memory, tunable microwave devices, and other solid-state devices which have to operate in a wide range of magnetic fields and temperatures [5] .
It follows, that study of magnetostriction vs. magnetic field dependences for ferromagnetic materials is of great scientific and practical interest. However, there were no commercially available installations allowing fast and accurate measurements of magnetostriction until now. This paper describes an automated setup which allows precise measurement of magnetostriction of ferromagnetic plates and ribbons for various direction of magnetic field at different temperatures.
Capabilities of the installation were demonstrated by measuring the magnetic field, angular, and temperature dependences of magnetostriction of metglas, nickel, and permendur samples.
Experimental set-up
A block-diagram of the installation and its appearance are shown in Fig. 1 . The installation consists of a magnetic system, control module, computer, and power supply. The strain gauge method was used to measure the magnetic field induced strain. A metal-film strain gauge was bonded on the sample with fast dry epoxy glue and connected into the bridge. The change of the sample size under magnetic field resulted in a change of the strain gauge resistance. The bridge misbalance voltage, which is proportional to the field induced deformation, was registered. A LabView based program was used to control the measurement and for data processing. The installation allowed measurements of magnetostriction of magnetic plates and ribbons with in-plane dimensions up to ∼ 2 cm and thickness from ∼ 20 µm to 1 mm. The dc field H up to 2 kOe could be directed in arbitrary direction with respect to the strain gauge axis by rotating the sample. A thermoelectric module was used to set and maintain the sample temperature with accuracy of ∼ 0. 
Experimental results
The measurements have been carried out for three samples: the metglas ribbon 2605S3A (FeBSiC)
, respectively. The sample was placed between the poles of electromagnet so that the H field was directed in the plane of the sample. The angle between the long side of the sample (strain gauge axis) and H field direction was varied in the range of ϕ = 0 − 90 o by rotating the sample. The precise measurements of the magnetostriction λ(H) is required for calculation of nonlinear characteristics of ME effect in composite structures. It was shown [6] , that nonlinearity of the λ(H) dependence at high amplitude of ac magnetic field results in generation of the voltage harmonics. Amplitudes of the harmonics are proportional to the derivatives of the magnetostriction over the field:
The field dependences of the coefficients λ (1) (H), λ (2) (H), and λ (3) (H) can be calculated by numerical differentiation of the curve λ(H), which should be measured with high accuracy for this purpose. Fig. 4b [6] . It can be seen, that the curves in Fig. 4a and Fig. 4b are coincide qualitatively. The maxima of the derivatives and maxima of the harmonics are placed at nearly same fields. The minima in the ME voltage corresponds to zero values of the derivatives. Fig. 4 . Magnetic field dependences of: (a) coefficients λ (1) (H), λ (2) (H), and λ (3) (H) for the metglas layer; (b) ME harmonics u 1 ∼ λ (1) , u 2 ∼ λ (2) , and u 3 ∼ λ (3) for the metglas-PZT structure to ∼ 18×10 −6 with increase in the temperature, while the saturation field does not change. Similar results have been obtained for two other samples. Temperature dependences of the magnetostriction can be used to explain temperature dependences of the amplitude of the ME voltage, generated by a composite structure, including those for nonlinear ME effect. Knowledge of the temperature dependences is important for design of thermally stable ME devices. 
Conclusion
Thus, an automated installation for precise measurements of the magnetic field, angular, and temperature dependences of magnetostriction of ferromagnetic plates was designed and tested. The magnetostriction characteristics of the metglas, nickel, and permendur samples were investigated in magnetic fields up to 1.5 kOe in the temperature range from 10 o C to 80 o C. It was shown that high accuracy measurements of the magnetostriction provided by the installation may be used to find derivatives of the magnetostriction, which are important for investigation of nonlinear ME effects in composite structures and for development of various new ME devices. 
